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The LHCb collaboration recently announced preliminary evidence for CP violation in D meson
decays. We discuss this result in the context of the standard model (SM), as well as its extensions.
In the absence of reliable methods to evaluate the hadronic matrix elements involved, we can only
estimate qualitatively the magnitude of the non-SM tree level operators required to generate the
observed central value. In the context of an effective theory, we list the operators that can give rise
to the measured CP violation and investigate constraints on them from other processes.
I. INTRODUCTION
Recently the LHCb collaboration reported a 3.5σ evi-
dence for a non-zero value of the difference between the
time-integrated CP asymmetries in the decays D0 →
K+K− and D0 → pi+pi− [1],
∆aCP ≡ aK+K−−api+pi− = −(0.82±0.21±0.11)% . (1)
The time-integrated CP asymmetry for a final CP eigen-
state, f , is defined as
af ≡ Γ(D
0 → f)− Γ(D¯0 → f)
Γ(D0 → f) + Γ(D¯0 → f) . (2)
Combined with previous measurements of these CP
asymmetries [2–5], the world average is
∆aCP = −(0.65± 0.18)% . (3)
Following [6] we write the singly-Cabibbo-suppressed
D0 (D¯0) decay amplitudes Af (A¯f ) to CP eigenstates, f ,
as
Af = A
T
f e
iφTf
[
1 + rf e
i(δf+φf )
]
, (4a)
A¯f = ηCP A
T
f e
−iφTf [1 + rf ei(δf−φf )] , (4b)
where ηCP = ±1 is the CP eigenvalue of f , the dominant
singly-Cabibbo-suppressed “tree” amplitude is denoted
ATf e
±iφTf , and rf parameterizes the relative magnitude
of all the subleading amplitudes (often called “penguin”
amplitudes), which have different strong (δf ) and weak
(φf ) phases.
In the following we focus on the pi+pi− and K+K− fi-
nal states. In general, af can be written as a sum of CP
asymmetries in decay, mixing, and interference between
decay with and without mixing. Mixing effects are sup-
pressed by the D0 − D¯0 mixing parameters, and, being
universal, tend to cancel in the difference betweenK+K−
and pi+pi− final states [6]. Taking into account the differ-
ent time-dependence of the acceptances in the two modes,
LHCb quotes [1] for the interpretation of Eq. (1),
aK+K− − api+pi− ≈ adirK − adirpi + (0.10± 0.01) aind . (5)
Thus, because of the experimental constraints on the
mixing parameters [see Eq. (18)], a large ∆aCP can be
generated only by the direct CP violating terms,
adirf = −
2rf sin δf sinφf
1 + 2rf cos δf cosφf + r2f
, (6)
and we use the f = K,pi shorthand forK+K− and pi+pi−.
II. GENERAL CONSIDERATIONS AND SM
PREDICTION
Independent of the underlying physics, a necessary
condition for non-vanishing adirf is to have at least two
amplitudes with different strong and weak phases con-
tribute to the final state f . In the isospin symmetry limit,
the condition on the strong phases implies that different
isospin amplitudes have to contribute. Since the lead-
ing (singly-Cabibbo-suppressed) terms in the standard
model (SM) effective Hamiltonian, defined below, have
both ∆I = 1/2 and ∆I = 3/2 components, the sublead-
ing operators with a different weak phase may have a
single isospin component. As far as amplitudes with a
different weak phase are concerned, in the SM, as well as
within its MFV expansions [7, 8], they are suppressed by
ξ ≡ |VcbVub|/|VcsVus| ≈ 0.0007.
The SM effective weak Hamiltonian relevant for
hadronic singly-Cabibbo-suppressed D decays, renormal-
ized at a scale mc < µ < mb can be decomposed as
Heff|∆c|=1 = λdHd|∆c|=1 + λsHs|∆c|=1 + λbHpeng|∆c|=1 , (7)
where λq = V
∗
cqVuq, and
Hq|∆c|=1 =
GF√
2
∑
i=1,2
CqiQ
s
i + H.c. , q = s, d,
Qq1 = (u¯q)V−A (q¯c)V−A ,
Qq2 = (u¯αqβ)V−A (q¯βcα)V−A , (8)
and α, β are color indices. The first two terms in Eq. (7)
have O(1) Wilson coefficients in the SM. On the contrary,
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2the so-called penguin operators in Hpeng|∆c|=1 have tiny Wil-
son coefficients at scales mc < µ < mb (see Refs. [9, 6]
for the list of relevant operators and Wilson coefficients).
Let us first consider the D → K+K− amplitude.
In the SM, it is convenient to use CKM unitarity,
λd + λs + λb = 0, to eliminate the λd term, and ob-
tain AK = λs(A
s
K − AdK) + λb(AbK − AdK). For D →
pi+pi−, it is convenient to eliminate λs to obtain Api =
λd(A
d
pi−Aspi)+λb(Abpi−Aspi). This way, the first terms are
singly-Cabibbo-suppressed, while the second terms are
both CKM suppressed and have either vanishing tree-
level matrix elements or tiny Wilson coefficients. The
magnitudes of these subleading amplitudes are controlled
by the CKM ratio ξ = |λb/λs| ' |λb/λd| ≈ 0.0007 and
the ratio of hadronic amplitudes. We define
RSMK =
AbK −AdK
AsK −AdK
, RSMpi =
Abpi −Aspi
Adpi −Aspi
. (9)
Since arg(λb/λs) ≈ −arg(λb/λd) ≈ 70◦, we can set
| sin(φSMf )| ≈ 1 in both channels, and neglect the inter-
ference term in the denominator of Eq. (6).
In the mc  ΛQCD limit, one could analyze these de-
cay amplitudes model independently. Given the valence-
quark structure of the K+K− final state, a penguin con-
traction is required for operators of the type c → udd¯
or ubb¯ to yield a non-vanishing D → K+K− matrix el-
ement. This is why RSMK is expected to be substantially
smaller than one. A na¨ıve estimate in perturbation the-
ory yields |AdK/AsK | ∼ αs(mc)/pi ∼ 0.1 (and |Ab| . |Ad|).
However, since the charm scale is not far from ΛQCD,
non-perturbative enhancements leading to substantially
larger values cannot be excluded [9]. The same holds for
the ratio RSMpi defined in Eq. (9).
To provide a semi-quantitative estimate of RSMK,pi be-
yond perturbation theory, we note that penguin-type
contractions are absent in the Cabibbo-allowed c→ usd¯
Hamiltonian, contributing to D → K+pi−. In the ab-
sence of penguin contractions, D → K+K− and D →
pi−pi+ amplitudes have identical topologies to D →
K+pi−, but for appropriate s ↔ d exchanges of the va-
lence quarks. The data imply |AKK | ≈ 1.3 |λsAKpi| and
Apipi ≈ 0.7 |λsAKpi|. These results are compatible with
the amount of SU(3) breaking expected in the tree-level
amplitudes and show no evidence for anomalously large
penguin-type contractions competing with the tree-level
amplitudes. Further evidence that tree-level topologies
dominate the decay rates is obtained from the smallness
of Γ(D → K0K¯0)/Γ(D → K+K−), which is consistent
with the vanishing D → K0K¯0 tree-level matrix ele-
ment of H(s−d) in the SU(3) limit. However, it must
be stressed that data on the decay rates do not allow us
to exclude a substantial enhancement of the CKM sup-
pressed amplitudes. The latter do not have an s − d
structure as the leading Hamiltonian, and, if enhanced
over na¨ıve estimates as in the case of the ∆I = 1/2 rule
in K → pipi amplitudes, may account for |RSMK,pi| > 1 [9].
In the following we assume that rf  1 even in the
presence of new physics (NP), and we can expand Eq. (6)
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Figure 1: Comparison of the experimental ∆aCP values with
the SM reach as a function of |∆RSM|.
to first order in this parameter. We can thus write
adirK ≈ 2
[
ξ Im(RSMK ) +
1
sin θC
∑
i
Im(CNPi ) Im(R
NP
K,i)
]
,
(10)
and similarly in the pi+pi− mode. Here RNPK,i denote the
ratio of the subleading amplitudes generated by the oper-
atorsQi in the NP Hamiltonian defined below in Eq. (14),
normalized to the dominant SM amplitude, after factor-
ing out the leading CKM dependence, sin θC ≈ |λs,d| ≈
0.225, and the NP Wilson coefficients,1 CNPi . This im-
plies
∆aCP ≈ (0.13%)Im(∆RSM)+8.9
∑
i
Im(CNPi ) Im(∆R
NP
i ),
(11)
where we defined
∆RSM,NP = RSM,NPK +R
SM,NP
pi . (12)
In the SU(3) limit, RSMK = R
SM
pi , and therefore a
dir
K ≈
−adirpi , which add constructively in ∆aCP [9, 10].
Assuming the SM, the central value of the experimen-
tal result is recovered if Im(∆RSM) ≈ 5, as illustrated
in Fig. 1. Such an enhancement of the CKM-suppressed
amplitude cannot be excluded from first principles, but
it is certainly beyond its na¨ıve expectation [6].
Note that the applicability of SU(3) flavor symme-
try should be questioned, because the D → K+K−
and D → pi+pi− decay rates imply a large breaking
of the symmetry. Without SU(3) as a guidance, one
can no longer expect adirK ≈ −adirpi ; in particular, the
strong phases relevant for direct CP violation in these
two channels are no longer related. One might then ex-
pect |adirpi | < |adirK |, if the deviation from factorization is
1 Contrary to the SM case, where the CKM factors are explicitly
factorized, in the NP case we include flavor mixing terms in the
CNPi — see Eq. (14).
3smaller in the pi+pi− than in the K+K− mode. There-
fore, it will be very interesting for the interpretation of
the results when the CP asymmetries are measured sep-
arately with increased precision. Recent measurements
by CDF [2], Belle [3] and BaBar [4] yield for the average
of the individual CP asymmetries (without LHCb, and
dominated by CDF [2]) in the pi+pi− and K+K− modes
(2.0±2.2)×10−3 and (−2.3±1.7)×10−3 [5], respectively,
which does not yet allow us to draw definite conclusions
[and are included in Eq. (3)]. Another important experi-
mental handle to decide whether the observed signal can
or cannot be accommodated in the SM would be observ-
ing or constraining CP violation in other decay modes,
corresponding to the same quark-level transitions. These
include pseudoscalar-vector or vector-vector final states,
three-body decays, Ds and Λc decays. More precise mea-
surements in such decays will help to decide whether the
measured CP asymmetry in Eq. (1) is due to new short
distance physics, or to a large enhancement of a hadronic
matrix element in one particular channel.
III. NEW PHYSICS CONTRIBUTIONS
The size of NP effects allowed in ∆aCP depends on
Im(∆RSM). In order to understand the scale probed by
the measurement, we parametrize the NP contributions
in terms of an effective NP scale ΛNDA, normalized to the
Fermi scale: Im(CNPi ) =
√
2 Im(CNDA)/(Λ
2
NDAGF ). The
resulting sensitivity for ΛNDA (CNDA) can be written as
Im(CNDA)
(10 TeV)2
Λ2NDA
=
(0.61± 0.17)− 0.12 Im(∆RSM)
Im(∆RNP)
.
(13)
In other words, assuming Im(∆RNP) ∼ 1, |∆RSM|  5
and CNDA = 1 implies that a NP scale of O(13 TeV) will
saturate the observed CP violation; alternatively, setting
ΛNDA → 21/4/
√
GF implies that CNDA ∼ 7 × 10−4 is
required. As we discuss below, despite the large scale
involved, after taking into account the bounds from CP
violation in |∆c| = 2 and |∆s| = 1 processes, only a few
NP operators may saturate the value in Eq. (13) in the
limit |∆RSM|  5.
To discuss possible NP effects, we consider the follow-
ing effective Hamiltonian
Heff−NP|∆c|=1 =
GF√
2
∑
i=1,2,5,6
∑
q
(CqiQ
q
i + C
q′
i Q
q′
i )
+
GF√
2
∑
i=7,8
(CiQi + C
′
iQ
′
i) + H.c. , (14)
where q = {d, s, b, u, c}, and the list of operators includes,
in addition to Qq1,2 given in Eq. (8),
Qq5 = (u¯c)V−A (q¯q)V+A ,
Qq6 = (u¯αcβ)V−A (q¯βqα)V+A ,
Q7 = − e
8pi2
mc u¯σµν(1 + γ5)F
µν c ,
Q8 = − gs
8pi2
mc u¯σµν(1 + γ5)T
aGµνa c , (15)
and another set, Q
(q)′
i , obtained from Q
(q)
i via the re-
placements A ↔ −A and γ5 ↔ −γ5. This is the most
general dimension-six effective Hamiltonian relevant for
D → K+K−, pi+pi− decays, after integrating out heavy
degrees of freedom around or above the electroweak scale.
A. Bounds on NP effects from D0 − D¯0 mixing
Charm mixing arises from |∆c| = 2 interactions that
generate off-diagonal terms in the mass matrix for D0
and D¯0 mesons. The D0 − D¯0 transition amplitudes are
defined as
〈D0|H |D¯0〉 = M12 − i
2
Γ12 . (16)
The three physical quantities related to the mixing can
be defined as
y12 ≡ |Γ12|
Γ
, x12 ≡ 2 |M12|
Γ
, φ12 ≡ arg
(
M12
Γ12
)
.
(17)
HFAG has performed a fit to these theoretical quantities,
even allowing for CP violation in decays, and obtained
the following 95% C.L. regions [5]
x12 ∈ [0.25, 0.99] % ,
y12 ∈ [0.59, 0.99] % ,
φ12 ∈ [−7.1◦, 15.8◦] . (18)
We cannot reliably estimate the SM contributions to
these quantities from first principles, and thus simply re-
quire the NP contributions to at most saturate the above
experimental bounds on x12, y12, and φ12.
The NP operators present in Heff−NP|∆c|=1 may affect D0–
D¯0 mixing parameters at the second order in the NP
coupling, T
{Heff−NP|∆c|=1 (x)Heff−NP|∆c|=1 (0)}. Such a contribu-
tion, which formally corresponds to a quadratically di-
vergent one loop diagram, is highly UV sensitive. If we
assume a fully general structure for our effective theory,
where operators are of NDA strength, then the scaling
in Eq. (13) would imply much too large contributions to
D − D¯ mixing and CP violation (see, e.g., [11]). This
could be a major constraint for many SM extensions.
However, being a genuine UV effect, it is also highly
model dependent. On the other hand, assuming that
Heff−NP|∆c|=1 is generated above the electroweak scale and the
UV completion of the theory cures the above mentioned
problem, we can derive (model-independent) bounds on
4Figure 2: Contribution of Heff−NP|∆c|=1 (red square) to |∆c| = 2
and |∆s| = 1 operators via a W (blue wavy line) loop.
the coefficients of Heff−NP|∆c|=1 from the effective |∆c| = 2
operators generated at low energies, by considering its
time ordered product with the SM charged-current in-
teractions, T
{Heff−NP|∆c|=1 (x)HSM|∆c|=1(0)} (schematically de-
picted Fig. 2).
The effective Hamiltonian thus obtained integrating
out all the heavy fields is
Heff|∆c|=2 =
GF√
2
(
5∑
i=1
Ccui Q
cu
i +
3∑
i=1
Ccu′i Q
cu′
i
)
, (19)
where
Qcu1 = (u¯c)V−A (u¯c)V−A ,
Qcu2 = (u¯c)S−P (u¯c)S−P ,
Qcu3 = (u¯αcβ)S−P (u¯βcα)S−P ,
Qcu4 = (u¯c)S−P (u¯c)S+P ,
Qcu5 = (u¯αcβ)S−P (u¯βcα)S+P , (20)
and, as before, the Qcu′1,2,3 operators are obtained from
Qcu1,2,3 by the replacements A↔ −A and P ↔ −P .
We perform the matching at one-loop at the matching
scale µ & mW . Some of the contributions generate loga-
rithmic divergencies, which are canceled by the appropri-
ate counterterms, genuine short-distance contributions to
the |∆c| = 2 Hamiltonian in Eq. (19). We denote the cor-
responding contributions to the |∆c| = 2 Wilson coeffi-
cients δC
cu(′)
i . Using dimensional regularization with the
MS prescription we obtain for the renormalized |∆c| = 2
Wilson coefficients
Ccu1 = δC
cu
1 +
g2
32pi2
∑
q
λq (C
q
2 − Cq1) ln
µ2
m2W
,
Ccu4 = δC
cu
4 −
g2
16pi2
∑
q
λq C
q′
6 ln
µ2
m2W
,
Ccu5 = δC
cu
5 −
g2
16pi2
∑
q
λq C
q′
5 ln
µ2
m2W
, (21)
where here and below we neglect contributions propor-
tional to rq = m
2
q/m
2
W . In particular, the leading order
contributions to C ′1,2 and C5,6 which are proportional to
rq ln rq were set to zero. Similarly, contributions of the
gluonic and electromagnetic dipole operators, Q7,8, both
at tree-level via two insertions, as well as at one loop,
are parametrically suppressed by rc α/ sin
2 θW .
2 Numer-
ically this leads to bounds of order unity on the corre-
sponding Wilson coefficients, well above the values ob-
tained in Eq. (13), and thus no useful constraint is ob-
tained from D − D¯ mixing.
To compute the contributions of Heff|∆c|=2 to M12, we
take into account the running and mixing of the operators
between the matching scale µ and the scale mD. This is
performed using the formula [12]
〈D¯0|Heff|∆c|=2 |D0〉i =
GF√
2
5∑
j=1
5∑
r=1
(
b
(r,i)
j + η c
(r,i)
j
)
ηaj
× Ccui (µ) 〈D¯0|Qcur |D0〉 , (22)
where all the relevant parameters are defined in Ref. [12],
including the relevant hadronic operator matrix ele-
ments. Requiring that such contributions do not exceed
the bounds on x12 and x12 sinφ12 in Eq. (18), we obtain
the bounds on Ccui at the matching scale µ ∼ 1 TeV
|Ccu1 | . 5.7× 10−8 , Im(Ccu1 ) . 1.6× 10−8 ,
|Ccu2 | . 1.6× 10−8 , Im(Ccu2 ) . 4.3× 10−9 ,
|Ccu3 | . 5.8× 10−8 , Im(Ccu3 ) . 1.6× 10−8 ,
|Ccu4 | . 5.6× 10−9 , Im(Ccu4 ) . 1.6× 10−9 ,
|Ccu5 | . 1.6× 10−8 , Im(Ccu5 ) . 4.5× 10−9 . (23)
Inserting expressions (21) into the above constraints we
can obtain bounds on the combinations of δCcui and C
q
i
at the high scale. In the following we put all counter term
contributions to zero and consider only a single chirality
operator structure at a time.
In order to control the QCD induced RGE evolution of
the |∆c| = 1 operators between the matching scale and
the hadronic charm scale µD ∼ 2 GeV, it is convenient
to change flavor basis and consider the following set of
operators, both for |∆c| = 1 (and |∆s| = 1, see below)
NP Hamiltonians (i = 1, 2, 5, 6):
Q
(s−d)
i = Q
s
i −Qdi ,
Q
(c−u)
i = Q
c
i −Qui ,
Q
(8d)
i = Q
s
i +Q
d
i − 2Qbi ,
Q
(b)
i = Q
s
i +Q
d
i +Q
b
i − (3/2)
(
Qci +Q
u
i
)
,
Q
(0)
i = Q
s
i +Q
d
i +Q
b
i +Q
c
i +Q
u
i , (24)
and similarly for the primed operators. With this choice,
the Q
(0)(′)
i are the standard QCD penguin operators,
whose RGE evolution can be found, for instance, in [9].
2 We have verified that due to similar chiral suppression the contri-
bution of Q7(8) to the down quark (chromo)electric dipole mo-
ment via weak charged current “dressing” remains well below
present bounds, even for order one Wilson coefficient C7(8).
5f s− d 8d
Im
(
C
(f)
1,2
)
5.4× 10−6 4.5× 10−3
Im
(
C
(f)′
5
)
7.3× 10−7 6.1× 10−4
Im
(
C
(f)′
6
)
2.7× 10−7 2.2× 10−4
Table I: Bounds on the imaginary parts of |∆c| = 1 Wilson
coefficients at the scale µ = 1 TeV, derived from searches for
CP violation in D − D¯ mixing.
Moreover, penguin contractions are completely absent in
the RGE evolution at µ & mc of the first two sets of terms
in (24) and, to a good approximation (i.e., for µ & mb),
are safely negligible also in the case of Q
(b,8d)(′)
i . For
these operators we can thus consider, to lowest order, a
simplified RGE evolution in terms of 2×2 blocks of same
flavor and chirality:
dC
(f)
i
d lnµ
= γTLL C
(f)
i , γ
(0)
LL =
(− 6Nc 6
6 − 6Nc
)
, i = 1, 2 ,
dC
(f)
i
d lnµ
= γTLR C
(f)
i , γ
(0)
LR =
(
6
Nc
−6
0 6
N2c−1
Nc
)
, i = 5, 6 ,
(25)
where f = {s− d, c− u, 8d, b}, Nc = 3 is the number of
colors, and the same equations hold for primed operators.
This basis also has the benefit of clearly distinguish-
ing between various contributions to D − D¯ mixing ob-
servables suppressed by different CKM prefactors. Most
severe constraints are expected for the flavor combi-
nation Q
(s−d)(′)
i proportional to λs − λd ≈ 2λs. On
the other hand, Q
(8d)(′)
i contributions are suppressed by
λs + λd − 2λb ≈ −3λb. An even stronger suppression
of rbλb is expected for the flavor combinations Q
(b,0)(′)
i ,
while Q
(c−u)(′)
i do not contribute to |∆c| = 2 observables
at one electroweak loop order.
Considering thus only the cases Q
(s−d)(′)
i and Q
(8d)(′)
i ,
we obtain the bounds on Cqi in Table I. We also verified
that due to rq suppression, C
′
1,2, C5,6, and C7,8, as well
as the contributions of C
(b,0)
12 and C
(b,0)′
5,6 are presently
allowed by D − D¯ data to be O(1). We observe that
Q
(s−d)
1,2 and Q
(s−d)′
5,6 are excluded from explaining the cen-
tral value of ∆aCP in Eq. (3) for |∆RSM|  5 and rea-
sonable values of |∆RNP|. On the other hand, Q(8d)i can
satisfy all present experimental constraints in the charm
sector given significant values of |∆RNP| as also shown
in Fig. 3.
B. Bounds on NP effects from ′/
As before, we can derive bounds from
T{Heff−NP|∆c|=1 (x)HSMc.c (0)} generating an effective |∆s| = 1
interaction. We first project the |∆s| = 1 effective
Q2H0L
Q1,5H0L , Q1,2Hc-u,8 d,bL
Q6H0L
Q5H8 dL'
Q6H8 dL'
0.2 0.5 1.0 2.0
0.1
0.2
0.5
1.0
2.0
5.0
ImHDRSML
Im
HD
R
N
P L
Figure 3: NP contributions of the form Q
(c−u,8d,b,0)
1,2 , Q
(0)
5,6,
and Q
(8d)′
5,6 , reproducing the measured central value of ∆aCP
and consistent with searches for CP violation in D − D¯ mix-
ing (in the electronic version shaded in red) and the measured
value of ′/ (in the electronic version shaded in green). Both
are estimated via one weak loop matching at µ ' 1 TeV,
as a function of the unknown amplitude ratios, ∆RSM and
∆RNP defined in Eq. (11). Assuming reasonable ranges for
the hadronic matrix elements, contributions of individual op-
erators can be consistent with all experimental results above
the contours below the respective operator labels.
operators onto the following basis:
Heff−NP|∆s|=1 =
GF√
2
∑
i,q
C
q(ds)
i Q
q(ds)
i + H.c. , (26)
where
Q
q(ds)
1 = (d¯s)V−A (q¯q)V−A ,
Q
q(ds)
2 = (d¯αsβ)V−A (q¯βqα)V−A ,
Q
q(ds)
5 = (d¯s)V−A (q¯q)V+A ,
Q
q(ds)
6 = (d¯αsβ)V−A (q¯βqα)V+A . (27)
These are the only effective operators generated at the
one-loop level from T{Heff−NP|∆c|=1 (x)HSMc.c (0)} in the limit
where we neglect light quark masses. It is also clear that
these receive non-suppressed contributions only from the
Qqi in H
eff−NP
|∆c|=1 : the contributions of Q
q′
i and dipole oper-
ators are doubly Yukawa suppressed (in addition to the
loop suppression), and thus can be safely neglected.
Procceding as before, we get
C
q(ds)
i = δC
q(ds)
i + C
q
i
g2
32pi2
ln
µ2
m2W
, (28)
for all the relevant four-quark operators. To compute
the contributions of Heff|∆s|=1 to K → pipi amplitudes we
6f s− d c− u 8d b 0
Im
(
C
(f)
1
)× 103 2.0 2.0 2.0 0.79 2.2
Im
(
C
(f)
2
)× 103 2.0 2.3 2.0 0.88 6.6
Im
(
C
(f)
5
)× 105 2.7 2.8 2.7 1.1 142
Im
(
C
(f)
6
)× 105 0.90 0.94 0.90 0.37 28
Table II: Bounds on the imaginary parts of |∆c| = 1 Wilson
coefficients at the scale µ = 1 TeV, from the contributions to
|′/|.
need to take into account the running and mixing of the
operators between the matching scale and a scale µ ∼
1 GeV. Again it is done in the flavor basis (24), and
using Eq. (25) analogous to the |∆c| = 1 sector. The
master formula for ′/ is
∣∣∣∣′
∣∣∣∣ = ω√2 ||ReA0
∣∣∣∣ImA0 − 1ω ImA2
∣∣∣∣ , (29)
ImAI =
GF√
2
∑
i,f
C
(f)(ds)
i 〈(2pi)I |Q(f)(ds)i |K〉 ,
where ω = ReA2/ReA0 ≈ 0.045 (from now on we omit
the superscript (sd) on the coefficients and operators of
the |∆s| = 1 Hamiltonian). Evaluating the matrix ele-
ments of Heff−NP|∆s|=1 in the large Nc limit leads to
∣∣∣∣′
∣∣∣∣
NP
≈ 102
∣∣∣∣Im[3.5C(3/2)1 + 3.4C(3/2)2 − 1.7ρ2C(3/2)5
−5.2ρ2C(3/2)6 − 0.04C(1/2)1 − 0.12C(1/2)2
−0.04ρ2C(1/2)5 + 0.11ρ2C(1/2)6
]∣∣∣∣ , (30)
in terms of the |∆s| = 1 Wilson coefficients at the
low scale (µ = 1.4 GeV), where C
(3/2)
i = [−C(s−d) +
C(c−u)+C(8d)]/2+(5/4)C(b), C(1/2)i = [C
(s−d)+C(c−u)−
C(8d)]/2 + (1/4)C(b) − C(0), and ρ = mK/ms. Imposing
the conservative bound |′/|NP < |′/|exp ≈ 1.7× 10−3,
leads to severe constraints on all the coefficients. In
terms of |∆s| = 1 Wilson coefficients at the high scale
Allowed Ajar Disfavored
Q7,8 , Q
′
7,8 , Q
(c−u,8d,b,0)
1,2 , Q
s−d
1,2 , Q
(s−d)′
5,6 ,
∀f Qf ′1,2 , Q(c−u,b,0)′5,6 Q(0)5,6 , Q(8d)′5,6 Qs−d,c−u,8d,b5,6
Table III: List of |∆c| = 1 operators grouped according to
whether they can contribute to ∆aCP at a level comparable
to the central value of the measurement, given the constrains
from D − D¯ mixing and ′/.
(µ = 1 TeV) the constraints read
Im(C
(s−d)
1 ) . 1.4× 10−5 , Im(C(s−d)2 ) . 1.4× 10−5 ,
Im(C
(s−d)
5 ) . 1.9× 10−7 , Im(C(s−d)6 ) . 6.1× 10−8 ,
Im(C
(c−u)
1 ) . 1.3× 10−5 , Im(C(c−u)2 ) . 1.6× 10−5 ,
Im(C
(c−u)
5 ) . 1.9× 10−7 , Im(C(c−u)6 ) . 6.4× 10−8 ,
Im(C
(8d)
1 ) . 1.4× 10−5 , Im(C(8d)2 ) . 1.4× 10−5 ,
Im(C
(8d)
5 ) . 1.9× 10−7 , Im(C(8d)6 ) . 6.1× 10−8 ,
Im(C
(b)
1 ) . 5.4× 10−6 , Im(C(b)2 ) . 5.9× 10−6 ,
Im(C
(b)
5 ) . 7.5× 10−8 , Im(C(b)6 ) . 2.5× 10−8 ,
Im(C
(0)
1 ) . 1.5× 10−5 , Im(C(0)2 ) . 4.5× 10−5 ,
Im(C
(0)
5 ) . 9.6× 10−6 , Im(C(0)6 ) . 1.9× 10−6 .
(31)
Inserting the matching conditions (28), we obtain bounds
on the |∆c| = 1 Wilson coefficients in Table II. We ob-
serve that all Q
(f)
5,6 except Q
(0)
5,6 are excluded from con-
tributing significantly to ∆aCP . The remaining opera-
tors are only marginally constrained and can give observ-
able effects in the charm sector provided |∆RNP| have
significant values as also shown in Fig. 3.
IV. CONCLUSIONS
We explored the implications of the recent LHCb mea-
surement of a 3.5σ deviation from no CP violation in D
decays. Clearly, it will require more data to establish
whether the measurement is or is not consistent with the
SM. While a sufficient QCD enhancement of the penguin
matrix element cannot be excluded at the present time,
if similar CP violation is observed in other channels as
well (e.g., pseudoscalar-vector final states, three-body de-
cays, Ds or Λc decays), then it would suggest that the
measurement is due to new short distance physics, rather
than the enhancement of a hadronic matrix element in
one particular channel.
Our analysis implies that operators where the charm
bilinear current is of V − A structure are constrained
by D − D¯ mixing or by ′/, especially the ones which
violate U -spin. A complete list of the operators grouped
according to whether they can contribute to ∆aCP at a
level comparable to the central value of the measurement,
7given the constrains from D−D¯ mixing and ′/, is shown
in Table III. It is also worth noting that in cases where
the new physics contributions are large, we generically
expect sizable contributions to CP violation in D − D¯
mixing (and in ′/) to arise. This will be tested when
the constraints on CP violation in D − D¯ mixing will
improve substantially with more LHCb and future super-
B-factory data.
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